Comprehensive Restoration Plan (CRP) that serves as a master plan and blueprint for future restoration in the HRE. The CRP's goal is to develop a mosaic of habitats that provide the public with renewed and increased benefits from the estuary. In addition, the CRP provides the framework for an estuary-wide ecological restoration program by utilizing restoration targets -Target Ecosystem Characteristics (TECs) -developed by the region's stakeholders. One TEC focuses on restoring tributary environments and reconnecting rivers to coastal environments that benefit impacted or imperiled migratory fishes (e.g., Alewife, blueback herring, Striped bass, American shad, and American eel). This technical note describes a procedure developed to prioritize removal of major migratory barriers, specifically dams. These methods are demonstrated in one of eight planning regions, the Harlem River, East River, and Western Long Island Sound Planning Region, where they were applied to prioritize potential barriers for removal over a range of costs. The prioritization scheme is based on four primary components: habitat quantity upstream of a dam, habitat quality upstream of a dam, the effects of multiple dams in sequence in the context of diadromous fish (i.e., if a fish cannot pass the most downstream dam, then upstream dam removal provides no benefits), and a rapid, screening-level relative cost estimate. This technique is then applied to examine 49 potential dam removal sites. A combinatorial algorithm was applied to develop plans with more than 489,000 combinations of removal sites (e.g., remove barrier-A, barrier-B, neither, or both). From this analysis, 49 proposed sites were screened and refined to a recommended plan containing 12 sites, which provides 66% of the total potential habitat gain at 19% of the relative cost. The advantages and challenges of barrier prioritization are then discussed more broadly with an emphasis on efficiencies that can arise as a result of spatial prioritization methods.
Project Objectives. From its inception, the HRE study has worked collaboratively with a large, diverse group of stakeholders to identify and refine goals and objectives. The overarching goal of the project is "to develop a mosaic of habitats that provides society with renewed and increased benefits from the estuary environment" (USACE 2016 ). This goal is further refined into twelve TECs ranging in scope from oyster reefs to contaminated sediments. One of these TECs focuses on "tributary connections" and is guided by the following objectives:
• Increase connectivity of riparian habitats to reduce fragmentation in migratory corridors.
• Improve the hydrologic connectivity of the floodplain and the river/estuary to improve the function of riparian habitat; reduce velocities, increase infiltration and improve natural sediment processes.
• Enhance basin and tributary bathymetry reconfiguration to promote optimal circulation.
• Reduce shoreline erosion.
• Remove invasive species and replace with diverse native vegetation.
• Increase habitat available for migratory fish through removal of fish passage impediment.
The HRE study required a scientifically defensible, analytical approach for estimating potential costs and benefits of alternative barrier removal plans in HRE tributaries (e.g., removal of barrier-A, barrier-B, neither, or both). The following sections describe the development and application of a family of models to screen potential restoration sites in this large region. As a demonstration, the team applied these models to the watersheds within the Harlem River, East River, and Western Long Island Sound Planning Region, which were referred to as the East Harlem-Bronx region (EHB) (Figure 2 ). 
BARRIER PRIORITIZATION MODEL:
To develop a barrier prioritization model, a common ecological model development process of conceptualization, quantification, evaluation, and application was followed (Grant and Swannack 2008, Swannack et al. 2012 ). Notably, model development was constrained by the need for rapid development and application under the USACE Smart Planning paradigm as well as the need for an approach that relied on readily available, large-scale datasets applicable across the entire HRE program. This study drew heavily from methods applied in multiple USACE planning studies such as the Truckee River fish passage project (Conyngham et al. 2011 , McKay et al. 2013 ) and the Proctor Creek Ecosystem Restoration study (underway by USACE Mobile District).
Model
Conceptualization. An enormous array of models has been developed for stream corridor assessment and barrier prioritization. In addition to differing in technical complexity and application time, these models also vary based on factors such as the disciplinary perspective (e.g., hydrologic, geomorphic, ecological), the hierarchical level of ecological element addressed (e.g., individuals, populations, communities, ecosystems), the basic approach to modeling (e.g., statistical, theoretical), input requirements (e.g., few parameters vs. extensive geospatial layers), the treatment of time and space (e.g., lumped vs. distributed), and the degree of development (e.g., long history vs. new tool). Here, the team took a common approach to ecological modeling, which was based on quantity and quality of habitat. These "index" models (Swannack et al. 2012) were originally developed for species-specific applications (e.g., slider turtles), but the general approach has also been adapted to guilds (e.g., salmonids), communities (e.g., floodplain vegetation), and ecosystem processes (e.g., the Hydrogeomorphic Method).
This component of the HRE study emphasizes the restoration of hydrologic connectivity, which refers to the "water-mediated transfer of matter, energy, and/or organisms within or between elements of the hydrologic cycle" (Pringle 2001) . In a recent review of barrier prioritization decision support models, McKay et al. (2016) identified three basic elements common to a diversity of connectivity prioritization applications: habitat quantity, habitat quality, and connectivity. Each of these components can be assessed relative to multiple species (e.g., shad vs. eel), habitat requirements (e.g., tolerant vs. intolerant to pollution), life histories (e.g., anadromous vs. catadromous), and even units of measure (e.g., habitat quantity as length along a river vs. the wetted area of the river). Here, a simple view of each of these components was adopted that prioritizes reconnecting tributaries to the ocean (rather than reconnecting fragmented riverine stretches to one another), long reaches of rivers (over short), and patches of high quality habitat (over low). Although the HRE study examines other tributary taxa (e.g., freshwater mussels), this analysis focuses only on anadromous fish (e.g., American shad, alewife, blueback, herring, striped bass, and American eel). In addition to ecological outcomes, this model also captures the relative costs of potential barrier removals; such that, given two barriers with the same ecological benefit, the barrier with the lowest relative cost is favored. Relative cost is used to conduct a preliminary cost effectiveness and incremental cost analysis.
Model Quantification. The four components of the HRE tributary barrier prioritization (i.e., habitat quantity, habitat quality, connectivity, and cost) required three separate analyses, which are described below. The numerical models are described, which were used to combine these variables and prioritize potential barrier removal sites.
Barrier Location and Passability. The foundation of any barrier prioritization is an accurate dataset of the location and properties of potential barriers. Sites were compiled from state and federal dam datasets in which the most accurate location and attribute information were combined into a single record (i.e., the USACE National Inventory of Dams and the New York State Inventory of Dams). All locations were visually verified using current aerial photography and other online resources, and some sites were manually moved to more accurately reflect the location of the structure. In addition to location, other attributes were compiled for future HRE projects. Sixty dams were initially included in the dataset. However, eleven sites were removed from analyses because of infrastructure value (e.g., water supply) or unverifiable location. The remaining 49 dams are owned and operated by a variety of private and public entities and range significantly in age (20-201 years), height (4-40 feet), and width (50-7,000 feet). Sites removed from the analysis were maintained as barriers in the river network as impacts to connectivity.
Even relatively small barriers can impede movement or migration of fish. For instance, the maximum jumping height of alewife (Alosa pseudoharengus, one of the HRE focal species) is less than 1.5 feet, which would make all of the EHB barriers impassable (Meixler et al. 2009 ).
Without structure-specific hydraulic data, knowledge of fish passage structures, or local studies of fish movement, the team made a conservative assumption that all dams are total barriers to movement, and 0% of fish are capable of passing these structures.
A barrier prioritization could be made based solely on the number of miles of river upstream of a structure. However, the cumulative impact of multiple barriers in series can have dramatic effects on the outcome of a prioritization ( (2013), which used a graph theoretic approach that applied matrix algebra to summarize upstream connectivity at watershed scales.
Geospatial Habitat Analyses. The primary geospatial focal point is the drainage area for each dam site since that is the immediate area contributing to habitat quality. For each dam site, the watershed was delineated using the "Watershed Tool" in the ArcGIS software (version 10.1). Some delineations were inaccurate due to complexities of the highly urbanized region (e.g., piped segment, land grading, and low relief coastal zones). Those cases required each watershed to be visually inspected and manually delineated based on a digital elevation model. These watersheds were then cross-referenced to the National Hydrography Dataset (NHD) for a final validation of watershed shape and topology.
Dam IDs were assigned to each watershed area (e.g., EHB01, EHB02, etc.). A national assessment of stream position and length (NHD Plus Flow Lines) were used to compute the overall quantity of habitat in a given watershed. Additionally, the Environmental Protection Agency's (EPA) 303d listed waters (2012 version), the 2011 National Land Cover Database (NLCD) polygons (converted from grid format), and The Nature Conservancy's secured lands polygons were clipped and/or intersected to the watershed areas using Geo-processing tools in ArcGIS. These three datasets were aggregated to derive proxies of habitat quality, as described below. Data for each watershed were then compiled into a centralized Microsoft Excel database (Appendix A).
The EHB region is highly urbanized, resulting in large changes to watershed hydrology, stream morphology, water quality, and other factors. This "urban stream syndrome" is well documented globally (Walsh et al. 2005) , and the ecological changes associated with urban development are well described (Wenger et al. 2009 ). Developed watershed area was used as a surrogate for overall changes in stream health as shown below ( Figure 3A) .
Where SIlu is a suitability index (i.e., measure of habitat quality) related to land use development pressure, Adev is the area of developed land uses in the 2011 NLCD (specifically, the sum of land use codes 21, 22, 23, and 24), and Ada is the drainage area for this barrier.
Water quality is a multi-faceted ecological issue, not easily addressed through readily available, remotely sensed data. The relative number of miles identified as impaired by the EPA's 303d list was used as a surrogate for overall water quality ( Figure 3B ). For instance, if 13 of 20 miles of river in a watershed were listed for any reason (e.g., bacteria, metals), then the overall water quality suitability score would be 0.35. For EHB, this ratio ranged from 0-100% (median = 54%).
Where SIwq is a quality index related to water quality, L303d is the length of streams listed for contamination by the EPA, and Lda is the length of streams in the drainage area for this barrier.
Barrier removal not only benefits migratory fishes, but also a host of other aquatic, riparian, and terrestrial taxa such as birds, mammals, and invertebrates as well as other ecological processes. As such, a habitat quality index (HQI) was developed to assess the ability of a removal to reconnect potentially valuable patches that create conservation corridors. The Nature Conservancy (TNC) maintains a regional database of "secured" lands such as parks and reserves. For the highly developed EHB, 20% secured lands would be a very large proportion 1 , and thus, the team assumed best attainable habitat quality for any conservation connections beyond this threshold ( Figure 3C ). Where SIcons is a quality index related to conservation areas, Acons is the area of conservation lands given by the TNC secured lands dataset.
An overall HQI was derived by the arithmetic mean of the three suitability indices described above ( Figure 3D ). Other combination algorithms are often used in index-based model construction (e.g., geometric means). However, an arithmetic mean was deemed appropriate given the preliminary nature of this barrier screening. Barrier Removal Cost. Barrier removal costs are highly case-specific due to factors such as equipment accessibility, sediment disposal, and infrastructure relocation, and thus, local cost estimates developed for a particular barrier are required to fully characterize restoration costs (Whitelaw and MacMullan 2002) . However, regional studies prohibit the development of rigorous, site-specific cost estimates due to the large number of sites and the goal of rapid screening. For this study, data on prior dam removals for the 12 state northeastern region 1 (CT, DC, DE, MA, MD, ME, NH, NJ, NY, PA, RI, and VT) were used to develop a simple regression model between dam height and cost of prior removal projects. Because of the uncertainties surrounding local conditions, these cost estimates should be interpreted as relative and not absolute costs (all costs will be presented in relative cost units [CU] ), and future analyses will be required for site-specific estimates. These methods follow a growing body of studies using regional cost regressions for barrier prioritization (Kuby et al. 2005 , Zheng et al. 2009 , Zheng and Hobbs 2013 , Neeson et al. 2015 . Where Crel is a relative estimate of cost (in $2015) and Hbar is the height of the barrier in meters (R 2 = 0.263).
Numerical Model. The models described above required a diverse range of input parameters and data compiled from a variety of geospatial analyses; a database was developed to compile all data into a single location for improved quality control. Appendix A provides a summary of all data used in the barrier prioritization. All computations were conducted using the R statistical software package version 3.1.1 (R Development Core Team 2014) 2 , which was used to compute ecological outputs for futures with and without restoration actions. Potential restoration actions at any site throughout the watershed can be "turned on and off" to analyze combinations of actions (e.g., barrier removal at site-A, site-B, neither, or both).
Model Evaluation.
Model evaluation is the process to ensure that numerical tools are scientifically defensible and transparently developed. Evaluation is often referred to as verification or validation, but in fact includes a family of methods ranging from peer review to model testing (Schmolke et al. 2010) . USACE has established an ecological model certification process to ensure that planning models used on ecosystem restoration projects are sound and functional, which generally consists of evaluating tools relative to three categories: technical quality, system quality, and usability (USACE 2011).
The technical quality of a model is assessed relative to its reliance on contemporary theory, consistency with design objectives, and degree of documentation and testing. As described in the conceptualization and quantification sections, the HRE barrier prioritization models are based on a general framework, which has been extensively applied for barrier prioritization (McKay et al. 2016) . The habitat quality models were developed from best-available information and based on general guidance on urban stream management (Wenger et al. 2009 ).
Ecological models must not only maintain an appropriate theoretical and technical basis, but also be computationally accurate. System quality refers to the computational integrity of a model (or modeling system). For instance, is the tool appropriately programmed, has it been verified or stress-tested, and do outcomes behave in expected ways? The system quality of these models was evaluated in a variety of ways, including:
• Code adoption: Code was modified from a previous study (McKay et al. 2013) to minimize new computational errors.
• Code checking: All code was error-checked during and after development by the primary programmer (McKay) and inspected by team members throughout the process. Error checking considered consistent variable naming, investigated outputs from each line of code and blocks of code (e.g., loops).
• Testing model outcomes: Model simulations were examined as test cases for model functionality. For instance, if a barrier is completely impassable, all subsequent upstream reaches should have a zero connectivity score. These logical interpretations were examined as site-specific alternatives and manually "turned on and off" in the model.
The usability of a model can influence the repeatable and transparent application of a tool. This type of evaluation typically examines the ease of use, availability of inputs, transparency, error potential, and education of the user. As such, defining the intended user(s) is a crucial component of assessing usability. This model was developed for targeted application by the USACE technical team in the HRE study, and, as such, there is currently no graphical user interface (GUI) for the model beyond the script itself. To this end, the current form of the model has maintained usability through two key mechanisms. First, the model is designed in a simple inputoutput workflow with all inputs stored in a single Excel file, which is structured such that a single primary data sheet is converted to a *.csv and imported directly. The model provides all results in a separate *.csv. Second, the team checked input data and files extensively to ensure the accuracy of data entry and manipulation in Excel.
Model Application. For a watershed-scale project, site-specific alternatives may be combined to develop unique basin-wide plans. Ideally, the solution space would be explored by analyzing every possible combination of alternatives and calculating costs and benefits. Each of these plans could then be carried forward to cost-effectiveness and incremental cost analyses. However, an exhaustive search of the entire solution space was numerically prohibitive with 49 proposed restoration sites (i.e., 49 sites provides 2 49 possible plans or ~5.6 * 10 14 possible combinations). As such, a comprehensive search of the solution space was conducted with a maximum of four sites (231,526 plans). Sites were then down-selected if either of two criteria were met: (1) the site appeared in any cost-effective plans from this preliminary analysis, or (2) the site was in the top third of cost-effective habitat patches (ignoring cumulative effects of multiple barriers). This analysis screened from 49 sites to 18 sites. The solution space was then comprehensively searched for these 18 sites with all combinations of 5-18 actions (258,096). Finally, a plan that included actions at all 49 sites (1 plan) was maintained for reference to the maximum potential habitat gain. These 489,623 plans represent the potential combinations of actions explored for the EHB. Combinatorial plans were analyzed using built-in statistical functions in R. Benefits and costs (net over the future without project) were computed for all plans, and sites were screened based on this preliminary cost-effectiveness analysis (Figure 4) . The cost-effectiveness analysis identified 89 plans. This reduced set of plans was manually subjected to incremental cost analysis following well-described methods (Robinson et al. 1995) . Based on these analyses, 14 "best" plans were identified (Table 1) . For reference, if all barriers in the study region were removed, 65.6 quality-weighted kilometers of habitat would be gained at a relative cost of 10.1M CUs. A variety of criteria could then be applied to recommend a plan (e.g., thresholds in habitat provision, cost, or incremental cost). For instance, incremental cost increases significantly beyond plan 466,439. This plan obtains 66% of the total potential habitat gain under all actions (i.e., 43.3 / 65.6 HUs) at 19% of the relative cost (i.e., 1.91M / 10.05M CUs).
Relative Cost (CUs) , 3, 9, 21, 36, 45, 51 298,004 33.7 1,133,631 54,653 8 2, 3, 9, 21, 36, 45, 51, 53 345,344 38.3 1,453,538 70,067 9 2, 3, 9, 21, 36, 45, 51, 53, 54 395,565 40.0 1,592,785 82,376 10 2, 3, 9, 21, 31, 36, 45, 51, 53, 54 437,994 41.9 1,766,087 93,425 11 2, 3, 9, 13, 21, 31, 36, 45, 51, 53, 54 466,439 43.3 1,905,334 98,839 12 2, 3, 9, 13, 21, 26, 31, 36, 45, 51, 53, 54 481,285 44.3 2,078,637 169,886 13 2, 3, 6, 9, 13, 21, 26, 31, 36, 45, 51, 53, 54 487,381 44.6 2,125,009 171,921 14 2, 3, 6, 9, 13, 18, 21, 26, 31, 36, 45, 51, 53, 54 489,192 48.7 2,859,961 175,846 15 2, 3, 6, 7, 9, 13, 18, 21, 26, 31, 36, 45, 51, 53, 54 489,553 49.4 2,999,208 205,663 16 2, 3, 4, 6, 7, 9, 13, 18, 21, 26, 31, 36, 45, 51, 53 (Fritz et al. 2013) , and some EHB watersheds contained no mapped stream features (Appendix A). While the National Inventory of Dams provides a nationally available data layer, the NID is well acknowledged to be incomplete and often does not include small dams or very old structures (e.g., mill dams), which are often ecologically significant and the target for restoration actions. Second, other important migratory barriers may exist in a watershed, such as culverted road crossings, exposed utility crossings, natural waterfalls, and other forms of barriers (e.g., water quality, temperature). Although the EHB study area is highly urbanized, the team excluded culverts from the analysis to focus on larger scale restoration actions likely to be undertaken by the Corps, because of various issues and associated expenses involved in developing and verifying a culvert inventory (no national inventory exists), and to minimize the size of the numerical data set (e.g., in the Great Lakes there are 38 times more culverts than dams, Januchowski-Hartley et al. 2013). Third, the habitat quality assessment was based on three general proxies of stream health, and future analyses could be expanded to include species-specific habitat requirements (e.g., expected home ranges, critical habitat, or specific ecological zones of high integrity and function). Fourth, site-specific conditions in constrained urban environments can increase costs dramatically, and the estimates applied here should only be construed as a comparative estimate, not expected restoration cost.
As shown, barrier prioritization analyses can examine many potential combinations of restoration actions and produce a set of strategic improvement projects. However, the sequencing of removals can influence the efficacy of a given action. For instance, barrier improvement systematically pursuing a set of priorities over a 20-year horizon should not only focus on which actions, but also the order of those actions. For the case of anadromous fish, sequencing typically moves from downstream to upstream, although costs, feasibility, and other factors can influence these choices (Oliver and Gendron 2016) .
Large-scale restoration projects often present the challenges of not only selecting an alternative at a given site, but also selecting effective sites. Spatially explicit prioritization tools can inform watershed-scale decisions about the cumulative effects associated with multiple sites. However, cumulative effects analyses can often be complex to develop and execute due to dependencies between actions (e.g., the effect of an upstream wetland on downstream water quality). Here, a simple cumulative effects model is presented for fish passage improvement in the tributaries of the Hudson-Raritan Estuary. While this model does not address the complex dependencies between barrier removal and other forms of HRE restoration projects (e.g., coastal wetland restoration), the tool does provide a defensible framework for rapidly screening thousands of potential plans to a more manageable set of sites. These tools helped identify an effective and efficient portfolio of projects that achieve large amounts of ecological improvement at relatively low effort. From this analysis, 49 proposed sites were screened to a recommended plan addressing 12 sites (Plan 466,439, Figure 5 ), which provide 69% of the total potential habitat gain at 19% of the relative cost with only 24% of the potential sites. 
